Background: The aim of this study was to identify white matter structural networks of amnestic mild cognitive impairment (aMCI) dichotomized by b amyloid (Ab) status and compare them using network-based statistics (NBS). Methods: Patients underwent whole-brain diffusion-weighted magnetic resonance imaging, detailed neuropsychological test and [
Introduction
Alzheimer's disease (AD) is a devastating and progressive neurodegenerative disease, which is the most common cause of dementia in the aging process. It gradually deprives patients of their memories and other cognitive abilities, including visuospatial, language, and executive functions. There is growing evidence that suggests clinical impairment occurs sequentially, not simultaneously, which supporting pathogenesis of AD. 1 Accumulation of b amyloid peptide (Ab) and neurofibrillary tangle, which are pathologic hallmarks of AD, spread incrementally between interconnected subregions of brain consequently causes disruption or disconnection. Therefore, AD might be considered as a "disconnection syndrome," represented with abnormal brain networks. 2 Mild cognitive impairment (MCI) has been regarded as a pathologic stage, not a mere manifestation of normal aging process. 3 Annual conversion rate to dementia is about 10% to 15% in MCI, whereas that of the normal elderly population is about 1% to 4%. 4, 5 Especially, amnestic MCI (aMCI) has been recognized as a clinical diagnosis characterized by a memory deficiency not interfering with activities of daily living. 6 At another point, to figure out the characteristics of aMCI is important because memory impairment is most commonly found in patients with MCI who subsequently progress to a diagnosis of AD dementia. 7 Recently, diagnostic criteria harboring the concept of biomarkers that directly reflect the pathologic hallmark of AD had been proposed. 8 b Amyloid-positive aMCI, which is "MCI due to AD," is the concept of clinical syndrome on the basis of underlying pathologic etiology. A thorough understanding about MCI due to AD stage would be necessary to grasp in the context of disease continuum.
The human brain forms a large-scale network composed of interconnected subregions that coordinate activities of the brain. Recent advances in neuroimaging techniques enable the research for the human brain networks from topological point of view. 9, 10 White matter structural connectivity can be modeled as a network or graph. Network-based statistics (NBS) is a method to control the family-wise error rate when mass univariate testing is performed at every connection comprising the graph. 11 There has already been a plethora of studies covering topics about structural or functional disruption of connectivity in the prodromal AD stage. [12] [13] [14] [15] [16] However, defining a target group only based on the clinical diagnosis may include MCI due to non-AD pathology. Therefore, for further understanding of the transitional stage evolving into AD dementia, we focused aMCI stage stratified based on Ab pathology.
We hypothesized that white matter structural connectivity based on the concept of "network" may show difference between patients with Abþ aMCI, AbÀ aMCI, and AbÀ cognitively normal (CN) participants. To identify associated structural alterations, we sought to find out white matter structural changes using diffusion tensor imaging (DTI) analysis. Diffusion tensor imaging is a commonly used magnetic resonance imaging (MRI) modality to detect structural integrity of the white matter. [17] [18] [19] To evaluate white matter structural changes in the early stage of AD spectrum, DTI may serve as a sensitive tool.
Methods and Materials

Participants
From February 2015 to July 2016, patients were enrolled among those who visited the Dementia & Memory clinic of Asan Medical Center. Registration was completed after patients or their proxy signed the informed consent. All enrolled participants underwent 3 T structural brain MRI, detailed neuropsychological battery and [
18 F]-Florbetaben amyloid positron emission tomography (PET). Based on the predefined scoring system (regional cortical tracer binding and brain amyloid plaque load [BAPL]), 2 nuclear medicine physicians (M.Oh. and J.S.K.) and 2 neurologists (J.H.L. and J.E.K.) reviewed PET scans. Final judgment for scoring was made after consensus was attained between reviewers. Brain amyloid plaque load 1 was classified as "Ab negative," while BAPL 2 and 3 were "Ab positive." Current status of cognitive function in each participant was determined based on detailed history taking and neuropsychological battery profiles. Complete blood count, electrolyte level, chemical battery, vitamin B12, folate, VDRL, HIV serology, and thyroid function tests were checked to rule out medical illness which can be a cause of cognitive decline. From the venous blood, genomic DNA was extracted to identify genotype of apolipoprotein epsilon. Magnetic resonance imaging scans showing prominent cerebral white matter hyperintensities (Fazekas scale 2 or 3), 20 multiple lacunes (!5), large-sized old stroke lesions, and multiple microbleeds were excluded for final analysis in terms of the probability of mixed dementia. We also checked other structural lesions including chronic subdural hemorrhage, hydrocephalus, or brain tumor those may cause progressive cognitive decline. We excluded patients with Parkinsonism or major psychiatric problem except for depression based on the detailed history taking and neurologic examination. The study protocol was approved by the institutional review board of Asan Medical Center.
Mild cognitive impairment patients. The patients with MCI were identified according to the diagnostic criteria of Petersen et al. 4 Amnestic MCI subtype was defined as below the 16th percentile (À1 standard deviation; SD) score of age and education level adjusted norms on the all tasks for assessing verbal or visual memory. All patients who diagnosed as single-or multiple-domain aMCI without impairment in the activities of daily living were included. Furthermore, all patients with aMCI were subdivided into 2 groups based on Ab positivity according to the amyloid PET scan.
Control participants. In common with aMCI as a target group, we set up a control group for a comparison. Participants were classified as CN group when all subdomains of full neuropsychological battery revealed scores above À1SD of the demographically matched mean score. Therefore, CN group also included patients with proven subjective cognitive decline. We only included participants with AbÀ CN confirmed by the amyloid PET scan.
Neuropsychological Assessments
Seoul Neuropsychological Screening Battery (SNSB) was conducted as a formal cognitive function test for all participants. The SNSB is a comprehensive and detailed neuropsychological battery including tests to assess attention (forward and backward digit span), language (confrontational naming, comprehension, reading, repetition, and writing), calculation, praxis (buccofacial/ideomotor), visuospatial function (Rey Complex Figure Test ; RCFT), verbal memory (Seoul Verbal Learning Test; SVLT immediate/ delayed recall and recognition), visual memory (RCFT immediate/delayed recall and recognition), and frontal/executive function (contrasting program, Go-No go, semantic/phonemic fluency, and stroop test). Also, Korean Mini-Mental State Examination (K-MMSE), Clinical Dementia Rating (CDR), Global Deterioration Scale (GDS), Neuropsychiatric Inventory (NPI), Korean Dementia Screening Questionnaire (K-DSQ), and Geriatric Depression Scale (GDepS) were conducted. Among all the subdomains, 14 items showing normally distributed pattern were presented with z score.
Neuroimaging Analysis
We performed the NBS analysis to compare the difference of whole-brain white matter structural networks extracted from DTI between groups, resulting in significantly different subnetworks between groups. After identifying subnetworks, we investigated their characteristics in terms of hub nodes.
Magnetic resonance imaging acquisition protocols. We acquired standardized 3D T1, T2, Fluid Attenuated Inversion Recovery (FLAIR), Susceptibility-Weighted Images (SWI), resting state functional MRI (fMRI), and DTI from all participants using the same 3 T MRI scanner (Philips 3T Achieva; Philips Healthcare, Eindhoven, The Netherlands). The DTI was performed with a single-shot, spin-echo, echo-planar, diffusion-weighted sequence. A series of axial diffusion-weighted images with a diffusion-sensitizing gradient (b value ¼ 1000 s/mm 2 ) along 32 directions was obtained, as well as axial images without diffusion weighting (b value ¼ 0). Other diffusion parameters were as follows: repetition time ¼ 10 965. Diffusion tensor image preprocessing and network construction. First, DTI was constructed from corresponding eddy-currentcorrected diffusion-weighted images using ordinary least square estimation in FMRIB Software Library. 21 We then performed whole-brain deterministic tractography using the Fiber Assignment by Continuous Tracking algorithm. 22 Fiber tracking was started at the 8 random points of the seed voxels with a fractional anisotropy (FA) >0.3 and ended at the voxels with FA <0.2 or a tract turning-angle <45 using Diffusion Toolkit. 23 We constructed whole-brain white matter structural networks from the tractographies on 90 regions of interest (ROIs) defined in automated anatomical labeling. 24 For defining the ROIs on diffusion space, we coregistered diffusion-weighted images to corresponding T1-weighted images, followed by nonlinear registration of the T1-weighted images to the MNI152 standard image. We then counted the number of streamlines connected between all pairs of ROIs using the UCLA Multimodal Connectivity Package (http://ccn.ucla.edu/wiki/index.php) for the structural networks.
Statistical Analysis
The statistical analyses were performed using SPSS (version 21.0, IBM Corp, Armonk, New York). For the normally distributed data, 1-way analysis of variance and paired t test were used. In case of data showing non-normal distribution, KruskalWallis test was used for continuous variables while w 2 test was used for ordinal scales. Categorical variables were represented as proportions and continuous variables as mean (SD). Statistical significance was set up at P value <.05 but in case of multiple comparisons, post hoc P value was adjusted by Bonferroni correction method (statistical significance under .05/ number of testing).
For comparing structural networks between groups, we employed the NBS for multiple comparison correction. Specifically, we performed 2-sample t test edge-by-edge and computed the size of the subnetworks whose edges had bigger weights than user-defined initial threshold. We then randomly assigned all participants into 1 of 2 groups maintaining each size of groups N-1 times, and computed maximum sizes of subnetworks whose edges also had bigger weights than the threshold, resulting an empirical null-distribution of maximum sizes. Then, we assigned the P value of subnetwork with a fraction of the occurrence whose sizes were larger than the size of the subnetwork of the original assignment. In this study, we used 2.35 and 10 000 as the initial threshold and the number of permutation (N), respectively.
We then extracted hub regions of the identified subnetworks, whose degrees were larger than the 2SD away from the mean. The hub regions represent the influential brain regions compared with other regions in the network.
Results
Demographic and Clinical Characteristics
A total of 116 participants (AbÀ CN, n ¼ 35; AbÀ aMCI, n ¼ 42; Abþ aMCI, n ¼ 39) were included for analysis. Detailed demographic and clinical characteristics are presented in Table 1 . Both aMCI groups were older than control group.
It is notable that the frequency of the APOE4 allele was significantly greater in Abþ aMCI (59.4%) than AbÀ aMCI (28.6%; P ¼ .002) and CN (28.1%; P ¼ .002). Other demographic factors including sex distribution, disease duration, educational level, handedness, vascular risk factors, and body mass index did not show significant differences between groups.
Neuropsychological Assessments
Detailed neuropsychological profiles of global scales and subdomain scores are presented in Table 2 . Global scale scores including K-MMSE, GDS, CDR global score, CDR sum of boxes, and K-DSQ were not different between the 2 aMCI groups but scored lower than CN. The NPI and GDepS scores showed no statistical significance in the between-group comparison. There was no difference in all the subdomain scores including attention, visuospatial function, verbal memory, visual memory, and frontal/executive performances between 2 aMCI groups. 
Whole-Brain Mapping of Structural Networks
First, we sought to identify subnetworks whose edge weights decreased in Abþ aMCI when compared with AbÀ aMCI. However, there was no subnetwork showing significance, thus we additionally characterized a subnetwork between CN and each of aMCI groups. Identified subnetworks (P ¼ .014 for AbÀ aMCI vs CN and P ¼ .007 for Abþ aMCI vs CN) showed reduced connectivity involving hub regions known as parts of sensorimotor network (SMN) in aMCI groups compared to CN. Supplementary motor areas (SMA) in both hemispheres, reported as parts of SMN, were common hub regions in AbÀ aMCI versus CN as well as Abþ aMCI versus CN. In addition, right middle cingulate gyrus and right precuneus were extracted as hub regions in AbÀ aMCI; right olfactory cortex and left medial frontal gyrus were extracted as hub regions in Abþ aMCI. It is worthy of notice that Abþ aMCI showed reduced connectivity mainly in the medial frontal regions, while AbÀ aMCI showed somewhat uniform disruption when compared to CN (Figure 1 ).
Discussion
Here, we reported whether there is significant difference between CN participants and aMCI based on Ab status in terms of structural connectivity using NBS. Recently, numerous researches have been reported focusing on the brain connectivity, a key element to understand structural and functional aspects of the human brain. 12, 25 Brain connectivity analyses propose substantial promise for understanding patterns about breakdown of network integration in the neurodegenerative disease. 15, 16, 26 In AD, it is believed that pathomechanism is triggered by the accumulation of Ab peptide, hyperphosphorylation of t protein and neurofibrillary tangle formation. 27, 28 As disease progresses, gray matter undergoes widespread neuronal loss, revealed as diffuse cortical and hippocampal atrophy. As neurons located in the gray matter are destroyed, myelin degeneration and axonal loss in neural fiber also happens, eventually leading to decreased white matter volume. 19, 29 There have been enormous attempts to explain structural and functional disruption with cognitive decline in the patients with AD, from a "network" perspective. Whole-brain white matter networks constructed by using DTI are novel surrogates of structural brain connectivity. 17 When compared to CN elderly people, it is reported that patients with Alzheimer's dementia show impaired global connectivity of brain networks. 30, 31 On the other hand, there has been rather inconsistent results about MCI, probably due to heterogeneity of study protocol, especially for inclusion criteria and participant selection. Although some authors found no difference between MCI and normal control, in terms of white matter integrity and functional connectivity, 32 others proved difference according to the method of network construction. 33 We compared white matter structural networks between the aMCI groups stratified by the brain Ab status. But above all, well-characterized target group is a prerequisite of the study aimed at prodromal AD stage. Owing to the lack of neuropathologic markers, identifying aMCI solely based on clinical diagnostic criteria can demonstrate mixed results of aMCI due to AD or non-AD. Clinical features and disease severity of Abþ aMCI can be very similar to AbÀ aMCI although they are not identical phenocopies. However, to differentiate them in the clinical setting is hardly possible without an information about neuropathologic biomarkers. Hence, we dichotomized patients with aMCI based on brain Ab status using visual assessments of amyloid PET scan. Normal control group was also defined based on combination of Ab status and clinical criteria. By doing this, we were able to further understand Abþ aMCI as a transitional stage evolving into AD. Although we did not find significant subnetwork in comparison between the 2 aMCI groups, each comparison with CN demonstrated some difference in terms of extracted hub regions and distribution of subnetwork. Regardless of Ab status, all aMCI groups showed reduced connectivity surrounding bilateral SMA as hub nodes. The SMA is a part of SMN, known as one of the resting-state functional brain networks. Traditionally, the human SMA had been often regarded as a pure motor area, 34 but it has been well known for its diverse functions up to recently. Several studies about SMA using various brain mapping strategies including fMRI or PET have revealed that SMA is involved in task sequencing and complexity as well as motor control and initiation. 35, 36 In addition, one study reported functional heterogeneity of the SMA using fMRI during multiple tasks for assessing motor, sensory, word generation, comprehension, and working memory. 37 Authors reported that SMA is involved in a variety of cognitive tasks including memory function along with that topology appeared to have a relation with engaged function. Intriguingly, we found that Abþ aMCI showed decreased connectivity mainly in the medial frontal regions indicative of early white matter structural change with a suspected vulnerability to Ab pathology. Medial surface of the superior frontal gyrus, forming a part of the dorsomedial prefrontal cortex is reported as one of the key regions in semantic system. 38 Medial frontal regions are located adjacent to motivation and sustained attention networks, raising a likelihood of candidate for retrieval role. Previous study proposed an interesting hypothesis that the specific linguistic deficit affecting fluent semantic retrieval may be due to dysfunction of medial frontal cortex combined with SMA damage. In addition, if we compare functional connectivity during cognitive tasks between groups, more reliable interpretation about the function of hub regions will be possible.
There are some limitations in this study. First, this is a cross-sectional study without information for longitudinal changes. If we get follow-up data of brain MRI in our participants, more comprehensive analysis would be possible from the perspective of disease continuum. Second, we used visual rating method to judge Ab pathology status based on amyloid PET scan result. Contrary to quantitative analysis, this method might consequently cause misclassification of early AD with undetectable level of amyloid plaque into AbÀ aMCI. However, even allowing for the sensitivity of amyloid PET, it might be reasonable to interpret AbÀ aMCI as "MCI with suspected non-Alzheimer's pathology (SNAP)" in context. Because, although we didn't assess conventional markers such as increased CSF t, medial temporal lobe atrophy on MRI, or hypometabolism on fluorodeoxyglucose PET supporting evidence of neurodegeneration, we found networkbased structural change of white matter in the AbÀ aMCI group when compared to CN group. Follow-up brain imaging with clinical observation in AbÀ aMCI group would be also interesting to figure out this phenocopy.
Our study has strength in that we classified participants using clinical diagnostic criteria combined with Ab positivity, enabling to further understand prodromal AD more clearly. Our structural connectivity analysis using network-based approach in aMCI may shed light on further understanding of changes in the interconnected brain regions. White matter structural disruption in the preclinical or prodromal stage of AD may serve as a potential role to identify candidates at risk of macrostructural change and consequently providing timely therapeutic options such as cognitive training and diseasemodifying therapy.
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